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(57) Abstract 

Methods are provided for forming a dispersion of substantially uniform droplets. An internal phase (10) that includes a plurality of 
particles suspended in a first fluid is provided and an external phase (12) including a second fluid is provided. The internal phase (10) is 
vibrated and the internal phase (10) is applied to the external phase (12). Either the internal phase (10) or a combination of the internal and 
external phases (10, 12) form a series of droplets (30) or complex droplets (28) of substantially uniform size. 
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METHODS FOR PRODUCING DROPLETS FOR USE IN CAPSULE-BASED 
ELECTROPHORETIC DISPLAYS 

Cross-Reference to Related Applications 

This application is a continuation-in-part of U.S.S.N. 09/413,009, filed October 6, 1999, 
the disclosure of which is incorporated herein by reference. This application also claims priority 
to and the benefit of U.S.S.N. 60/127,964, filed April 6, 1999, the disclosure of which is 
incorporated herein by reference. 

5 Technical Field 

The invention generally relates to methods for producing large quantities of substantially 
monodisperse droplets for use in capsule-based electrophoretic displays. More particularly, the 
methods relate to producing substantially uniformly-sized droplets of a first phase, the first phase 
including a fluid and particles, for introduction into a second phase, or the methods relate to 
10 producing substantially uniformly-sized complex droplets having a core formed from a first 
phase, the first phase including a fluid and particles, and a second phase that surrounds the first 
phase as a shell. 

Background Information 

Traditional emulsification methods are not ideally suited for forming capsules to be used 
15 in electrophoretic displays. Current methods produce disperse phase droplets that are smaller 
than the desired size range. For example, while some systems produce droplets as large as tens 
of micrometers in diameter, typical droplets are of the order of 0.01 jam to 1 pm. Furthermore, 
many traditional emulsification techniques result in polydisperse emulsions, i.e., emulsions that 
are not characterized by a narrow drop size distribution. Thus, a need exists to produce 
20 substantially uniformly-sized droplets for forming capsules to be used in electrophoretic 
displays. 

Summary of the Invention 



Methods of the invention can produce large quantities of substantially uniformly-sized 
droplets or complex droplets for forming capsules useful for electrophoretic displays. Moreover, 
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methods of the invention can produce a group of substantially uniformly-sized droplets from a 
first phase containing both a fluid and plurality of particles. These droplets are applied to a 
second phase. Once in contact with the second phase, any of a variety of steps can be performed, 
including encapsulating the droplets. Alternatively, methods of the invention can produce a 
5 group of substantially uniformly-sized complex droplets for forming capsules useful for forming 
electrophoretic displays. The complex droplets are formed from a first phase, containing both a 
fluid and a plurality of particles, at their core and a second phase that surrounds the first phase as 
a shell. Typically, the core of the complex droplet also is a substantially uniformly-sized droplet 
relative to the other cores in the group of complex droplets. 

10 In one aspect of the invention, a method for forming substantially uniform droplets 

includes the steps of providing a non-aqueous internal phase; providing an external phase; 
vibrating the internal phase; and applying the internal phase to the external phase. The internal 
phase includes a plurality of particles suspended in a first fluid; the external phase includes a 
second fluid; and a series of droplets of substantially uniform size are formed. The droplets can 

15 be formed from the internal phase, or the droplets can be formed from both the internal and 
external phases. 

This aspect of the invention can have any of the following features. The first fluid can be 
an oil. The second fluid can be an aqueous solution. The step of applying the internal phase to 
the external phase can include having the internal phase contained within a structure and 

20 pressurizing the internal phase so that the internal phase issues from the structure into the 
external phase. During the step of applying described above, the internal phase can issue 
through at least one aperture; can issue in at least one train of droplets; and/or can be applied to 
the external phase at a plurality of locations. A droplet can have a diameter of about 20 \im to 
about 300 ^m and can have a substantially uniform size relative to other droplets in the series of 

25 droplets. The step of vibrating the internal phase can include vibrating the internal phase with a 
vibrating member. The vibrating member can be a piezoelectric transducer. Alternatively, an 
electro-mechanical or magnetostrictive or other similar vibrating member can be used. The step 
of vibrating the internal phase can include vibrating a conduit containing the internal phase 
and/or the internal phase can issue from the conduit in two or more trains of droplets, and/or a tip 

30 of the conduit, through which the internal phase issues into the external phase, can be in 

communication with the external phase. The step of applying the internal phase to the external 
phase can include simultaneously issuing the internal phase and the external phase through two 
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adjacent channels. These two adjacent channels can terminate at two concentric nozzles. The 
method can further include the step of mixing the particles with the first fluid. Mixing can be 
accomplished by inducing a flow within the internal phase. 

In another aspect of the invention, a method for forming substantially uniform droplets 
includes the steps of providing a non-aqueous internal phase; providing an external phase; and 
applying the internal phase to the external phase through an aperture in a container. The internal 
phase includes a plurality of particles suspended in a first fluid and the external phase includes a 
second fluid. The internal phase is moved relative to the external phase such that as the internal 
phase contacts the external phase a droplet separates from a remainder of the internal phase and 
such that a series of droplets of substantially uniform size is formed. This aspect of the invention 
can further include the step of vibrating the internal phase. 

In another aspect of the invention, a method for forming substantially uniform droplets 
includes the steps of providing a non-aqueous internal phase; providing an external phase; and 
applying the internal phase to the external phase. The internal phase includes a plurality of 
particles suspended in a first fluid; the external phase includes a second fluid; the internal phase 
is pressurized and pulsed through a valve such that the internal phase forms a series of droplets 
of substantially uniform size. 

Brief Description of the Drawings 
The invention is more particularly described in the following detailed description, 
drawings, and claims. In the drawings, like reference characters generally refer to the same parts 
throughout the different views. Also, the drawings are not necessarily to scale, emphasis instead 
generally being placed upon illustrating principles of the invention. 

Figure 1 depicts a schematic drawing of a device including a piezoelectric transducer that 
is driven at a particular frequency to impart vibration to a jet of an internal phase to produce a 
train of monodisperse droplets of the phase. 

Figure 2A depicts a schematic drawing of a device that forms droplets of an internal 
phase by issuing the phase through holes in a hollow tube that is spun at a particular rate. 

Figure 2B depicts a schematic enlarged view of a droplet emerging from an aperture in a 
section of the tube of Figure 2A. 

Figure 2C depicts a schematic top view of the tube of Figure 2 A and droplets emerging 
from various apertures in the tube. 
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Figure 2D depicts a schematic enlarged view of a section of an alternative embodiment of 
the device of Figure 2A in which the tube is spun and vibrated. 

Figure 3 A depicts a schematic drawing of a device that includes a conduit and a vibrating 
mechanism for producing a train of droplets. 

5 Figure 3B depicts a schematic drawing of a device that includes a conduit and two 

vibrating mechanisms for producing a train of droplets- 
Figure 4A depicts a schematic drawing of a device that includes a narrow gauge tube 
with a vibrating mechanism for producing a double jet. 

Figure 4B depicts a schematic drawing of a device that includes a narrow gauge tube with 
10 a vibrating mechanism for producing a double jet of an internal phase and has a tip of the tube in 
communication with an external phase. 

Figure 5A depicts a schematic sectional view of two concentric nozzles forming adjacent 
channels. 

Figure 5B depicts a schematic end-on view of the nozzles of Figure 5 A. 

15 Figure 6 depicts a schematic drawing of a device including a valve for producing 

droplets. 

Figure 7 depicts a schematic sectional view of two concentric nozzles forming adjacent 
channels where a gas flow assists droplet and capsule formation. 

Figure 8 depicts a schematic sectional view of two concentric nozzles forming adjacent 
20 channels where droplets and capsules are extruded into a flowing collection liquid. 

Figure 9 depicts a schematic sectional view of three concentric nozzles forming three 
adjacent channels, one of which contains a collection liquid. 

Figure 1 0 depicts a schematic sectional side view of an apparatus to produce substantially 
uniformly sized droplets of an internal phase with a vibrating member. 

25 Figure 1 1 depicts a top sectional view taken generally along the line of a diaphragm of 

the embodiment of Figure 10 showing curved channels to promote mixing of the internal phase 
as it is delivered to an ejection chamber. 
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Figure 12 depicts a schematic enlarged view of a cross-section of one curved channel of 
Figure 11. 

Figure 1 3 shows the velocity of an internal phase expelled from the embodiment shown 
in Figure 10 when the pressure of the internal phase is matched to the frequency and amplitude 
5 of the signal applied to a piezoelectric transducer when the ejection rate is about 1000 
droplets/second. 

Figure 14 shows the velocity of an internal phase expelled from the embodiment shown 
in Figure 10 when the pressure of the internal phase is not ideally matched to the frequency and 
amplitude of the signal applied to a piezoelectric transducer when the ejection rate is about 1000 
10 droplets/second. 

Figure 1 5 A shows a schematic top view of a plate for kinematic alignment. 

Figure 15B shows a schematic section along line A-A through the plate shown in Figure 

15A. 

Figure 15C shows a schematic side sectional view of the plate of Figure 15 A. 

15 Figure 15D shows a schematic side sectional view of the plate of Figure 15A aligned 

with a second plate. 

Figure 16A shows a schematic side sectional view of two aligned coextrusion plates. 

Figure 16B shows a schematic end view of the plates of Figure 16 A. 

Figure 17 shows schematic view of a triangular cross-section trench produced with 
20 photolithography and etching. 

Figure 1 8 shows a schematic side sectional view of a plate configuration for coextrusion 
that is coupled with a kinematic coupling. 

Description of the Invention 

The invention relates to the application of a liquid dispersion (oil-based or aqueous and 
25 hereinafter referred to as the "internal phase") to another liquid (aqueous or oil-based and 
hereinafter referred to as the "external phase"). Generally, the internal phase is non-aqueous, 
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contains particles, and is issued from a structure containing the internal phase such that 
substantially uniform droplets or substantially uniform complex droplets are produced. When 
the internal phase issues from the structure, it is either applied simultaneously to the external 
phase or applied to the external phase at a different time from issuance. In certain embodiments, 

5 when the internal phase is issued into an external phase, the liquid dispersion of the internal 
phase is emulsified in the external phase. This emulsification technique, for example, can be 
used to form a series of substantially uniformly-sized droplets of the internal phase for 
encapsulation by components in the external phase to produce capsules for electrophoretic 
displays. In other embodiments, when the internal and external phases are issued simultaneously 

10 through adjacent, concentric nozzles, a series substantially uniformly-sized complex droplets 
(droplets with an internal phase core and a thin external phase shell) are produced. These 
complex droplets also can be encapsulated by hardening the external phase shell. Typically, the 
cores of these complex droplets also are substantially uniformly sized. Thus, methods of the 
invention contribute to the progression of capsule-based electrophoretic display technology 

15 toward high through-put, high quality capsule production. 

I. Electrophoretic Displays 

Taking a step back, electrophoretic displays have been the subject of intense research and 
development for a number of years. Electrophoretic displays have attributes of good brightness 
and contrast, wide viewing angles, state bistability, and low power consumption when compared 
20 with liquid crystal displays. Nevertheless, problems with the long-term image quality of these 
displays have prevented their widespread usage. For example, particles that make up such 
displays tend to cluster and settle, resulting in inadequate service-life for these displays. 

An encapsulated electrophoretic display typically does not suffer from the clustering and 
settling failure mode of traditional electrophoretic devices and provides further advantages, such 

25 as the ability to print or coat the display on a wide variety of flexible and rigid substrates. Use of 
the word "printing" is intended to include all forms of printing and coating, including, but 
without limitation: premetered coatings such as patch die coating, slot or extrusion coating, slide 
or cascade coating, and curtain coating; roll coating such as knife over roll coating, forward and 
reverse roll coating; gravure coating; dip coating; spray coating; meniscus coating; spin coating; 

30 brush coating; air knife coating; silk screen printing processes; electrostatic printing processes; 
thermal printing processes; ink jet printing; and other similar techniques. Thus, the resulting 
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display can be flexible. Further, because the display media can be printed (using a variety of 
methods), the display itself can be made inexpensively. 

In broad overview, encapsulated electrophoretic displays provide a flexible, reflective 
display that can be manufactured easily and consumes little power (or no power in the case of 

5 bistable displays in certain states). Such displays, therefore, can be incorporated into a variety of 
applications. The display can be formed from and can include particles that move in response to 
an electric charge. This mode of operation is typical in the field of electrophoretic displays. A 
display in which the particles, ordered by an electric charge, take on a certain configuration can 
take on many forms. Once the electric field is removed, the optical state of the particles can be 

10 generally stable (e.g., bistable). Additionally, providing a subsequent electric charge can alter a 
prior configuration of particles. Some encapsulated electrophoretic displays may include two or 
more different types of particles. Such displays may include, for example, displays containing a 
plurality of anisotropic particles and a plurality of second particles in a suspending fluid. 
Application of a first electric field may cause the anisotropic particles to assume a specific 

15 orientation and present an optical property. Application of a second electric field may then cause 
the plurality of second particles to translate, thereby disorienting the anisotropic particles and 
disturbing the optical property. Alternatively, the orientation of the anisotropic particles may 
allow easier translation of the plurality of second particles. The particles may have a refractive 
index that substantially matches the refractive index of the suspending fluid. 

20 An encapsulated electrophoretic display can be constructed so that the optical state of the 

display is stable for some length of time. When the display has two states that are stable in this 
manner, the display is bistable. If more than two states of the display are stable, then the display 
is multistable. For the purpose of the present invention, the term bistable indicates a display in 
which any optical state remains fixed once the addressing voltage is removed. However, the 

25 definition of a bistable state depends upon the display's application. A slowly decaying optical 
state can be effectively bistable if the optical state is substantially unchanged over the required 
viewing time. For example, in a display that is updated every few minutes, a display image that 
is stable for hours or days is effectively bistable for a particular application. Thus, for purposes 
of the present invention, the term bistable also indicates a display with an optical state 

30 sufficiently long-lived so as to be effectively bistable for a particular application. Alternatively, 
it is possible to construct encapsulated electrophoretic displays in which the image decays 
quickly once the addressing voltage to the display is removed (i.e., the display is not bistable or 
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multistable). Whether or not an encapsulated electrophoretic display is bistable, and its degree 
of bistability, can be controlled through appropriate chemical modification of the electrophoretic 
particles, the suspending fluid, the capsule, and binder materials. 

An encapsulated electrophoretic display may take many forms. The display may include 
5 capsules dispersed in a binder. The capsules may be of any size or shape. The capsules may, for 
example, be spherical and may have diameters in the millimeter range or the micron range, but 
are preferably from about ten to about a few hundred microns. The capsules may be formed by 
an encapsulation technique. Particles may be encapsulated in the capsules. The particles may be 
two or more different types of particles. The particles may be colored, luminescent, light- 
10 absorbing or transparent, for example. The particles may include neat pigments, dyed (laked) 
pigments or pigment/polymer composites, for example. The display may further include a 
suspending fluid in which the particles are dispersed. 

Generally, an encapsulated electrophoretic display includes a capsule with one or more 
species of particle that either absorb or scatter light and that are suspended in a fluid. One 

15 example is a system in which the capsules contain one or more species of electrophoretically 

mobile particles dispersed in a dyed suspending fluid. Another example is a system in which the 
capsules contain two separate species of particles suspended in a clear suspending fluid, in which 
one species of particle absorbs light (black), while the other species of particle scatters light 
(white). There are other extensions (more than two species of particles, with or without a dye, 

20 etc.). The particles are commonly solid pigments, dyed particles, or pigment/polymer 
composites. 

In electrophoretic displays, the particles may be oriented or translated by placing an 
electric field across the capsule. The electric field may include an alternating-current field or a 
direct-current field. The electric field may be provided by at least one pair of electrodes 
25 disposed adjacent to a display comprising the capsule. 

The successful construction of an encapsulated electrophoretic display requires the 
proper interaction of all these materials and processes. Materials such as a polymeric binder (for 
example, for binding the capsules to a substrate), electrophoretic particles, fluid (for example, to 
surround the electrophoretic particles and provide a medium for migration), and a capsule 
30 membrane (for example, for enclosing the electrophoretic particles and fluid) must all be 

chemically compatible. The capsule membranes may engage in useful surface interactions with 
the electrophoretic particles, or may act as an inert physical boundary between the fluid and the 
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binder. Polymer binders may set as adhesives between capsule membranes and electrode 
surfaces. 

Various materials may be used to create electrophoretic displays. Selection of these 
materials is based on the functional constituents of the display to be manufactured. Such 
5 functional constituents include, but are not limited to, particles, dyes, suspending fluids, 

stabilizing/charging additives, and binders. In one embodiment, types of particles that may be 
used to fabricate suspended particle displays include scattering pigments, absorbing pigments 
and luminescent particles. Such particles may also be transparent. Exemplary particles include 
titania, which may be coated in one or two layers with a metal oxide, such as aluminum oxide or 

10 silicon oxide, for example. Such particles may be constructed as corner cubes. Luminescent 
particles may include, for example, zinc sulfide particles. The zinc sulfide particles may also be 
encapsulated with an insulative coating to reduce electrical conduction. Light-blocking or 
absorbing particles may include, for example, dyes or pigments. Types of dyes for use in 
electrophoretic displays are commonly known in the art. Useful dyes are typically soluble in the 

15 suspending fluid, and may further be part of a polymeric chain. Dyes may be polymerized by 
thermal, photochemical, and chemical diffusion processes. Single dyes or mixtures of dyes may 
also be used. 

A suspending (z.e., electrophoretic) fluid may be a high resistivity fluid. The suspending 
fluid may be a single fluid, or it may be a mixture of two or more fluids. The suspending fluid, 
20 whether a single fluid or a mixture of fluids, may have its density substantially matched to that of 
the particles within the capsule. The suspending fluid may be halogenated hydrocarbon, such as 
tetrachloroethylene, for example. The halogenated hydrocarbon may also be a low molecular 
weight polymer. One such low molecular weight polymer is poly(chlorotrifluoroethylene). The 
degree of polymerization for this polymer may be from about 2 to aboui 10. 

25 Furthermore, capsules may be formed in, or later dispersed in, a binder. Materials for use 

as binders include water-soluble polymers, water-dispersed polymers, oil-soluble polymers, 
thermoset polymers, thermoplastic polymers, and uv- or radiation-cured polymers. 

While the examples described here are listed using encapsulated electrophoretic displays, 
there are other particle-based display media that also should work well, including encapsulated 
30 suspended particles and rotating ball displays. Other display media, such as liquid crystals and 
magnetic particles, also can be useful. 
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In some cases, a separate encapsulation step of the process is not necessary. The 
electrophoretic fluid may be directly dispersed or emulsified into the binder (or a precursor to the 
binder material) to form what may be called a "polymer-dispersed electrophoretic display." In 
such displays, the individual electrophoretic phases may be referred to as capsules or 
5 microcapsules even though no capsule membrane is present. Such polymer-dispersed 

electrophoretic displays are considered to be subsets of encapsulated electrophoretic displays. 

In an encapsulated electrophoretic display, the binder material surrounds the capsules and 
separates the two bounding electrodes. This binder material must be compatible with the capsule 
and bounding electrodes and must possess properties that allow for facile printing or coating. It 
10 may also possess barrier properties for water, oxygen, ultraviolet light, the electrophoretic fluid, 
or other materials, Further, it may contain surfactants and cross-linking agents, which could aid 
in coating or durability. The polymer-dispersed electrophoretic display may be of the emulsion 
or phase separation type. 

15 II. Production of Substantially Uniformly-Sized Droplets, Complex Droplets, and/or 
Capsules 

The present invention provides materials and methods for producing these encapsulated 
displays, particularly by facilitating production of capsules through production of substantially 
uniformly-sized droplets or complex droplets. In certain embodiments the internal phase ejects 

20 into the external phase in a stream, and, due to various physical reasons, disintegrates into a train 
of droplets. In other embodiments, the internal phase and external phase are coextruded through 
adjacent, concentric nozzles, and the compound jet disintegrates into a train of complex droplets. 
As used herein, "train" refers to any group of two or more droplets (or complex droplets), 
without regard to their location to each other. Often a train of droplets (or complex droplets) is a 

25 group of droplets (or complex droplets) organized substantially along a line. However, a train of 
droplets (or complex droplets) need not have this orientation. 

Typically, methods of the invention produce emulsions of internal phase droplets, the 
droplets characterized by a narrow size distribution or produce complex droplets with an internal 
phase core and an external phase shell, the complex droplets characterized by a narrow size 
30 distribution. As used herein, "monodisperse" droplets (or complex droplets) refer to two or more 
droplets (or complex droplets) that are substantially uniformly-sized. For example, in a 
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substantially uniformly-sized group of droplets (or complex droplets), any one droplet (or 
complex droplet) that has a diameter that falls within about 20%, and preferably about 5%, of the 
mean diameter of the group of droplets (or complex droplets) is monodisperse. Also, droplets 
(or complex droplets) can be made that range in diameter from about 20 |im to at least about 300 
5 ^im. These droplets (or complex droplets) can be monodisperse in relation to a particular 
diameter that is desired. 

Several techniques have been used to produce emulsions. These techniques include 
mechanical mixing techniques (e.g., colloid mills, rotor or rotor/stator systems, and static (in-line 
mixers), other mixing techniques (e.g., ultrasonic agitation and flow of a jet of the disperse phase 
10 over a vibrating blade) homogenization techniques (e.g., ultra high-shear mechanical mixing and 
flow of phases under high pressure through a small aperture), and crossflow techniques (e.g., a 
first phase is forced through an aperture in a capillary tube or in a membrane and into a second 
phase such that drops of the first phase are dislodged from the aperture by a forced motion of the 
second phase). 

15 Some of these techniques, such as mixing methods, generally do not produce a high yield 

of substantially uniformly-sized droplets (or complex droplets). Additionally, in situations such 
as production of capsules containing electrophoretically mobile particles, where the droplets (or 
the core of complex droplets) to be produced contain both a fluid and a solid (e.g., a suspending 
fluid and the electrophoretically mobile particles), methods that apply an internal phase 

20 containing the particles to the external phase, such as producing a disintegrating jet of one phase 
into another phase or coextruding one phase with another phase, face substantially different 
problems than the mere application of one fluid (or a combination of fluids) to a second fluid. 
For example, in the present invention in which the internal phase includes a fluid and particles, 
given the large area of liquid-solid interface present in the internal phase, the non-flowable 

25 nature of the solid in contrast to the flowable liquid, and the existence of frictional and/or shear 
forces as the liquid attempts to move relative to the solid particles, it is not apparent that 
applying the internal phase containing both a solid and a liquid to the external phase as described 
below should succeed. Additionally, methods, which include a step of vibrating the internal 
phase to produce droplets (or complex droplets), and which may depend upon the vibrational 

30 characteristics of a liquid, cannot inherently be transferred from a situation where the internal 
phase is a simple liquid to a situation where the internal phase is a fluid containing solids, 
because such characteristics are altered by the presence of a solid. 
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Thus, although the excitation of a jet has been used previously to produce monodisperse 
droplets of metal, ink, monomer, and other materials, it has not been established as a common 
practice for forming substantially monodisperse emulsions, particularly in situations where the 
jet is a phase that includes a non-aqueous fluid and particles. As such, the jet disintegration 

5 method has not been used in processes relating to manufacturing capsules employed in 

electrophoretic displays. Additionally, although coextrusion of two or more fluids has been used 
to produce monodisperse complex droplets of one fluid in association with another fluid, it also 
has not been established as a common practice for forming substantially uniformly-sized 
complex droplets, the complex droplets composed of a core that includes a non-aqueous fluid 

10 containing particles and of a shell of an external phase surrounding the core. Specific 

advantages of forming substantially uniformly-sized droplets composed of at least a fluid and 
particles, or of forming substantially uniformly-sized complex droplets composed of a core 
including a fluid and particles and a shell of a second fluid, include the ability to produce such 
droplets or complex droplets at a high rate; the ability to scale production of such droplets or 

15 complex droplets; and the ability to produce substantially uniformly-sized internal phase droplets 
or complex droplets having mean drop sizes ranging from about 20 jxm to at least about 300 jim. 

Adjustments to droplet size or complex droplet size in the various embodiments of the 
present invention can be made by altering the size and/or shape of the aperture through which the 
internal phase issues and/or the external phase issues, the pressure to which the internal phase 
20 and/or the external phase is exposed, the rotation rate of devices that rotate to produce droplets of 
the internal phase, and/or the frequency or amplitude at which a vibrating member is vibrated. 
Various systems may involve parallel plate geometry (Couette flow geometry), alternative tube 
flow geometry (Poiseuille flow geometry), vibrations along the axis of the jet or transverse to the 
jet, and dispensing from individual capillary tubes. 

25 Referring to Figure 1, in one embodiment, the internal phase 10 that is a fluid (such as an 

oil) that contains particles 20 is ejected through an aperture 22 into the external phase 12 (such as 
a gelatin and acacia solution). The internal phase 10 is under pressure provided by a pump 18 
(or pumps) and generally travels in a direction indicated by arrows 24. The aperture 22 has a 
diameter ranging from about 10 jim to about 500 |im. Ejection is controlled such that the 

30 internal phase 10 forms a jet 26 that issues into the external phase 12. A vibrating member 14, 
such as a piezoelectric transducer, is driven at a frequency by a voltage source 16 and is used to 
impart a vibration to the jet 26. The jet 26 disintegrates into a train 30 of substantially 
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monodisperse droplets 28 (only one droplet 28 is labeled) according, in part, to the frequency of 
the vibration. The frequency depends upon the aperture 22 size and the flow rate of the internal 
phase 10. This system has a large throughput. For example, at least about 300 ml/hr of about 
250 |im diameter internal phase droplets can be processed. Furthermore, this embodiment can be 
5 scaled up and is suited to continuous manufacturing processes. 

Now referring to Figures 10-12, another embodiment of the invention, similar in function 
to that shown in Figure 1, vibrates and ejects an internal phase to form substantially uniformly 
sized droplets. Two tubes 70, 72 enter a sheath 78 that surrounds the apparatus 100 to allow the 
apparatus 1 00 to be submerged in an external phase while keeping the components within the 

10 apparatus 100 dry. The tubes 70, 72 screw into an upper plate 92. However, the tubes 70, 72 
can be connected with the upper plate 92 in other manners, such as bonding. The tubes 70, 72 
align with apertures in the upper plate 92. A diaphragm 84 is located between the upper plate 92 
and a lower plate 94. The apertures in the upper plate 92 align with apertures in the diaphragm 
84 and align with the ends 171, 173 of two channels 170, 172 that are formed in the top surface 

15 of the lower plate 94. The diaphragm 84 encloses the channels 170, 172 by covering their tops at 
the top surface of the lower plate 92. The channels 170, 172 lead to an ejection chamber 90 and 
an aperture 86 (which can have a particular shape) leading out of the apparatus 100. The 
ejection chamber 90 tapers from a large diameter circle to a smaller diameter circle as one moves 
from the diaphragm 84 to the aperture 86. Screws 96 (only one is labeled) are positioned such 

20 that they are located adjacent to the channels 170, 1 72 and the ejection chamber 90 to clamp the 
upper 92 and lower 94 plates together. The position of the screws 96 allows for a tight seal 
between the plates 92, 94 without the use of seals such as l! 0-rings. M The plates 92, 94 are 
typically constructed from a metal so that the screws 1 96 clamping force creates a metal face seal. 
The aperture 86 can be constructed separately from the lower plate 92 and subsequently affixed 

25 to the lower plate 92 where the ejection chamber 90 terminates. Alternatively, the aperture 86 
can be constructed directly in the lower plate 92. A vibrating member 80, such as a piezoelectric 
transducer, facilitates ejection of an internal phase into an external phase in a train 30 of 
substantially uniformly-sized droplets 28. The vibrating member 80 is mounted on a carriage, 
and a diaphragm 84 transmits vibration from the vibrating member 80 to the internal phase 

30 located in the ejection chamber 90. The lower plate 94, diaphragm 84, and upper plate 92 are 
sealed 82, and the upper plate 92 and the sheath 78 are sealed 82. 
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In operation, the apparatus 100 initially is primed so that the internal phase fills the 
components of the apparatus 100 such that the apparatus 100 is substantially free from air 
bubbles. The apparatus 100 is primed by flushing the internal phase from a pressurized 
reservoir, through a three-way valve 96a 5 the inlet tube 70, the channels 170, 172 and ejection 
5 chamber 90, the outlet tube 72, and a second three-way valve 96b to exhaust the internal phase. 
After flushing the system to substantially remove air from the system, the function of the outlet 
tube 72 is switched by adjusting three-way external valves 96a, 96b so that internal phase flows 
to the outlet tube 72 through the three-way valve 96b, causing the outlet tube 72 to act as an 
inlet. Thus, once the system is primed, the internal phase enters into the apparatus 100 through 
10 both the inlet tube 70 and the outlet tube 72 (now acting as a second inlet tube). 

The internal phase is stored in and moves from a pressurized reservoir. The reservoir 
should be stirred or otherwise mixed to prevent the particles within the internal phase dispersion 
from settling under gravity. Typically, the internal phase can be agitated by mechanical stirring 
and/or sonication. Mechanical stirring is useful, for example, for mixing the internal phase down 

15 to the smallest length scales of turbulent flow and sonication is useful, for example, for breaking 
up agglomerations of particles on an even smaller scale. Thus, mixing can agitate materials of a 
certain size down to a lower bound that is determined by the size limit of turbulent flow 
properties. At least below this lower bound of size (and perhaps above this bound), sonication 
can agitate materials that are of this size that is less than the lower bound. Additionally, the 

20 particles in the internal phase can be designed such that their chemical composition aids in 

keeping them separated from each other. For example, the particles can be constructed to exhibit 
stearic repulsion between particles. 

From the reservoir, the internal phase flows to the slender inlet/outlet tubes 70, 72 of the 
emulsification system. The internal phase passes down the inlet/outlet tubes 70, 72, into the 

25 beginnings 171, 173 of the channels that are aligned with the inlet/outlet tubes 70, 72, and 
through the curved channels 1 70, 1 72 (in a direction indicated by arrows 1 80). In this 
embodiment, the channels 170, 172 are machined into the surface of the lower plate 94 (best 
shown in Figure 11). The geometry of each channel 170, 172 is chosen to encourage further 
mixing of the internal phase. For example, flow through a curved channel induces a secondary 

30 flow that mixes the fluid(s) and particle(s) in the internal phase. In Figure 12, this secondary 
flow is shown schematically as a plurality of continuous loop arrows 1 82 (only one is labeled) in 
an enlarged schematic view of one of the curved channels 170. Thus, the curved channels 170, 
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172 are used to maximize turbulent mixing in order to maintain the compositional uniformity of 
the internal phase, a flowing dispersion of one or more fluids and one or more species of 
particles. To ensure that the flow in the channels 170, 172 is turbulent, the Reynold's number 

should be larger than, for example, about 2000. The Reynold's number is defined as: 

5 Re - (p UL)/rj 

where p is the internal phase dispersion density, U is the mean velocity of the dispersion in the 
channel, I is a characteristic dimension of the channel, such as the hydraulic diameter (the ratio 
of the cross sectional area^ c of the channel to the wetted perimeter P c of the channel), and 77 is 
the viscosity of the dispersion. The internal phase dispersion can exhibit non-Newtonian 

10 behavior in some situations. Application of a shear force to the internal phase (such as by 
pressurizing the internal phase to move it through the apparatus 100), in some instances, can 
cause viscosity of the internal phase to decrease relative to its viscosity when no shear force is 
applied. This behavior can be found in many colloidal suspensions and sufficiently loaded 
dispersions. If analysis indicates that the dispersion exhibits non-Newtonian behavior, then 77 

15 may be taken as an effective viscosity (Le. 9 the viscosity when shear force is applied) and can be 
calculated in accordance with standard techniques known in the field. 

For example, in some internal phase dispersions useful as electrophoretic display 
materials, p is about 1 090 kg/m 3 and // is about 2 x 10~ 3 Pa-s. These values are inserted into the 
Reynold's number equation, above, to describe a condition for channel geometry that should be 
20 met to provide substantially complete turbulent flow of the internal phase in the channels, when 
the channels contain internal phase dispersions of this type. Equations 1 and 2, below, are 
mathematically equivalent, but mathematically transformed relative to each other. These 
calculations are exemplary and are not intended to be limiting. 

i2?!^ >2 ooo (1) 

0.002 P c 

25 or 

— >3.7-10- 3 m 2 /s. (2) 

For a given channel geometry, the constraint of (1) or (2) bounds the minimum mean velocity of 
the internal phase in the channel. Alternatively, one may consider the required flow rate of the 
system as fixed, and design the channel geometry to meet the constraint of (1) or (2). 
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In order to maintain an uninterrupted and stable operation of the emulsification system, 
typically, the aperture 86 and curved channels 170, 172 should not become clogged with the 
solid particles in the internal phase. To avoid clogging, the diameter of an aperture 86 and the 
cross-sectional area of the curved channels 170, 172 should be at least about 5 times, and 
5 preferably about 10 times, the diameter of the largest solid particles in the system. Also, the 
shape of the aperture 86 and the curved channels 170, 172 should not change over time due to an 
abrading effect of the flowing internal phase. The aperture geometry may be selected from a 
wide variety of configurations, but it is preferable to use a smooth entrance to the aperture 86 
from the ejection chamber 90 in this apparatus 100, as opposed to a sharp edge, to achieve longer 
10 aperture service-life. Smooth aperture entrances are preferable because, at high flow rates, the 
particles in the internal phase will gradually abrade any sharp edges, thereby modifying, as a 
function of service time, the aperture performance of those apertures with sharp edges. 
Additionally, the aperture 86 can be made from, or coated with, an abrasion-resistant material 
such as stainless steel or sapphire. 

15 The apparatus 100 is operated in order to produce droplets of the internal phase 

containing particles that issue into an external phase. By way of comparison, two methods exist 
in ink jet technology to produce drops of ink, "drop-on-demand" and "continuous-jet," 
Conventional drop-on-demand ink jet printers are activated by sending a voltage pulse to a 
piezoelectric transducer, which rapidly pressurizes the fluid in a small chamber. The fluid issues 

20 forth from an aperture attached to the chamber, thus ejecting a single drop on a time scale of 
about 5 |is to 10 (as. After ejection, the system is allowed to re-equilibrate over a longer time 
scale (approximately 50 jjis to 10,000 jj.s). The drop-on-demand method contrasts with 
conventional continuous-jet ink jet devices, in which a pressurized fluid is jetted from an 
aperture, and the vibrations of a piezoelectric transducer excite a capillary instability in the jet. 

25 However, neither of these methods is appropriate for jetting the internal phase into a stationary 
external phase. Drop-on-demand systems do not impart adequate momentum to the ejected 
drops to enable them to be injected into a viscous external phase. Continuous jet systems are 
inadequate because the intensity of the capillary instability is reduced substantially by the 
presence of the external phase. Capillary instability is the phenomenon whereby a jet of fluid 

30 issuing from an aperture becomes unstable. This phenomenon results in break up of the jet at 
some point more than about a few droplet diameters from the aperture through which the jet 
emerges. For most situations involving these continuous jet systems, in fact, shear forces, acting 
at the interface between the jet's surface and the external phase, overpower the forces that drive 
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the capillary instability. Thus, the jet either does not disintegrate at all or does not disintegrate to 
create useful droplets. As a result, it is difficult to use either of these existing drop ejection 
methods to emulsify a dispersion of one or more fluids containing particles into a liquid external 
phase. 

5 To overcome this problem, the apparatus 1 00 employs a technique for ejecting individual 

drops at high speed. In the method, the internal phase is pressurized to a static pressure P 9 and 
the piezoelectric transducer 80 is oscillated by a periodic voltage signal. The pressure and the 
piezoelectric excitation voltage signal are selected such that the flow rate from the aperture 
varies in manner similar to the profile shown in Figure 13. Figure 13 shows the velocity ("U") of 

10 the expelled internal phase over time ("t"). The profile of Figure 13 can occur when the pressure 
of the internal phase is properly matched to the frequency and amplitude of the signal applied to 
the piezoelectric transducer 80 and when the ejection rate is about 1000 droplets/second. In this 
example, ejection velocity varies transiently from about zero to about 21 m/s. This profile 
indicates that a slug of the internal phase, ejected from the aperture 86 at high speed, pinches-off 

15 near the aperture 86 due to the pulsatile flow imposed by the piezoelectric transducer 80. That 
is, the internal phase is ejected at high speed (a peak of the sinusoidal wave in Figure 1 3) and 
pinches off when the velocity of the internal phase approaches zero (a trough of the sinusoidal 
wave in Figure 13). Velocity of the internal phase is controlled by the static pressure of the 
system that moves the internal phase through the passageways of the apparatus 100 and the 

20 dynamic pressure of the vibrating member 80 that is superimposed on the static pressure. Thus, 
the dynamic pressure allows the system to oscillate between a high and low velocity. Figure 13 
is exemplary and is not meant to be limiting. Moreover, the velocity of the internal phase need 
not reach zero to create controlled disintegration of the jet of internal phase and the velocity of 
the internal phase can be considered high velocity at other values of velocity. These upper and 

25 lower values depend upon many variables such as the internal phase used. For example, it is 
contemplated that a decrease to even about 5 m/s from a higher velocity can create this 
controlled disintegration of the jet. Thus, performance of the apparatus 100 is distinct from a 
drop-on-demand ink jet, because it is operated in a continuous manner and typically does not re- 
equilibrate to an at-rest condition. Also, performance of the apparatus 100 is distinct from a 

30 continuous ink jet, because the continuous ink jet solely relies upon capillary instability of an 
issued jet to form individual drops. In contrast, the apparatus 100 is driven in a different manner 
from continuous ink jets, resulting in droplets that form within about a few droplet diameters of 
the aperture through which it issues. More particularly, in the apparatus 100, the internal phase 
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is both pressurized and subjected to piezoelectric generated vibrations to create an oscillating 
pinching off of droplets at the aperture, while, in continuous ink jets, the vibration is tuned to 
enhance Rayleigh instability. Thus, the present invention combines high through-put with 
controlled droplet formation, and overcomes the problems with current ink-jet technology as 
5 described above. 

If the pressure and the oscillation signal are not properly matched, the system will not 
function in the manner described above. Instead, a typical plot of an non-ideally matched system 
is shown in Figure 14 (with expelled internal phase velocity, U, on the y-axis and time, t, on the 
x-axis) in which the ejection velocity varies from about 9 m/s to about 17 m/s. In this 
10 arrangement, droplet break-off does not occur at the aperture 86. Instead, a weakly pulsing, but 
continuous, jet of the internal phase issues from the aperture 86. This stream likely will 
disintegrate into droplets of a variety of sizes. 

The apparatus 100 shown in Figures 10-12 is sensitive to a large number of design 
parameters and operating conditions. Some adjustable parameters include vibration of the 
15 vibrating member 80 (such as a piezoelectric transducer), the size and shape of the ejection 
chamber 90, the size and shape of the aperture 86, the size and shape of the channels 170, 172, 
and the size and thickness of the diaphragm 84. 

The vibrating member 80 must be designed so that it displaces a satisfactorily large 
portion of the volume of the chamber 90 from which the internal phase is ejected. The 
20 maximum volumetric displacement ("AF^") of the internal phase in the ejection chamber 90 by 
the vibrating member 80 (via the diaphragm 84) is approximately given by: 

W^vaV-pP (3) 

where a is a property of the vibrating member 80 and is a coefficient relating displacement to 
applied voltage ( U V*) 9 and p is related to the radius of the ejection chamber and is a coefficient 

25 relating displacement to fluid pressure ("P"). Thus, at a minimum, the design in certain 
embodiments should comply with the equation: 

aV > pp (4) 

in order to provide useful operation of the apparatus 100. Thus, a V describes the maximum 
amount of volume displacement by the vibrating member 80 (and diaphragm 84) in the absence 
30 of the fluid pressure, P, and pP describes the pressure that works opposite the pressure from the 
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vibrating member 80. In other words, as shown in equations (3) and (4), designs of the invention 
must have a positive AV max to operate (i.e., internal phase must be displaced out of the ejection 
chamber 90 so that the internal phase issues out of the aperture 86) and, for that to occur, the 
diaphragm deflection resulting from the application of voltage to the vibrating member 80 must 
5 be greater than the diaphragm deflection resulting from the static pressure of the internal phase in 
the ejection chamber 90. 

For example, during operation of the apparatus 100, Granges from about 50 to about 300 
volts, and P ranges from about 5 to about 50 psi. However, P can be increased if the seals 82 of 
the apparatus 100, as well as other components of the apparatus, are sufficient to support such 

10 pressure. Accordingly, the range of P depends, in part, upon the mechanical properties of the 
materials used to construct the apparatus 1 00, and it is contemplated that this range of P values 
will be expanded based upon choosing materials and designs that increase the integrity of the 
apparatus 100 under higher pressures. High pressure operation is useful because it enables 
higher through-put emulsification, forming more substantially uniformly-sized droplets of 

15 internal phase per time period than the amount formed at lower operating pressures. The 
nominal conditions described above enable several liters of internal phase per hour to be 
emulsified through a single aperture unit. Adding additional apertures also can allow higher 
throughput operation. 

Moreover, the vibration can be tuned to intentionally make two species of monodisperse 
20 droplets at the same time. The apparatus can make two types of droplets where a droplet of one 
type is substantially uniformly-sized relative to other droplets of that type while a droplet of a 
second type is substantially uniformly-sized relative to other droplets of that type. For example, 
the vibration can be tuned to make a group of droplets of about 300 \xm and a group of smaller 
droplets. Thus, two sizes of substantially uniformly-sized droplets emerge from the same 
25 aperture one after the next according to a pattern (e.g. , alternating large and small droplets). 

Also, the ejection chamber 90 radius plays a role in determining the coefficients a and /?. 
It is preferable to make the radius as large as possible to maximize the displacement of the 
internal phase, but for high speed operation, it is preferable to use a small radius. Thus, a 
balance needs to be reached to both maximize the displaced volume of the internal phase and to 
30 maximize the throughput of internal phase. For this embodiment, the radius of the chamber 90 
ranges from about 1 mm to about 10 mm. However, other radii are contemplated for other 
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embodiments of the present invention, depending upon this balance of displacement volume and 
speed of operation, as well as the interplay with other variables. 

The length and cross-sectional area of the channels 170, 172 also are controllable 
variables. The channels 170, 172 can range in length from about 0.25 mm to about 15 mm, with 
5 cross-sectional areas ranging from about 20,000 jim 2 to about 500,000 jim 2 . For a given flow 
rate, the cross-sectional area of the channels 170, 172 can be reduced to increase the Reynold's 
number to enhance mixing. The channels 170, 172 can be fabricated using conventional 
machining, chemical etching, photolithographic processes, reactive ion etching, scribing, or any 
other technology useful for precision machining and microfabrication. The aperture 86 can have 
10 a diameter ranging from about a few jxm to about several hundred \im or more, and preferably 
about 25 pm to about 200 ^m. These apertures can be manufactured using techniques for 
precision machining or microfabrication, and can be constructed separately from the lower plate 
94 and later affixed to the lower plate 94 or can be constructed from the lower plate 94 itself. 

The diaphragm 84 can be made from any material that is able to deflect under pressure 
15 from the vibrating member 80 and that has a suitable resiliency and stiffness (to avoid permanent 
deformation) during use to provide a reasonable service-life. Metals with a Young's modulus of 
about 0. 1 GPa to about 400 GPa, preferably about 69 GPa to about 300 GPa, and polymers with 
a Young's modulus of about 1 GPa to about 10 GPa, preferably about 3 GPa to about 5 GPa, are 
useful. As the Young's modulus increases, the deflection of the diaphragm 84 under pressure 
20 from the vibrating member 80 decreases. One example of a material that is useful as the 

diaphragm 84 is a stainless steel foil having a thickness ranging from about several (xm to about 
several hundred jam, and preferably about 25jxm to about 100 \xm. Thinner foils are preferred, 
but foils that are too thin will tend to rupture or otherwise permanently deform during aggressive 
use. Another example of materials that are useful as the diaphragm 84 are polyimides, such as 
25 Kapton (available from E. I. du Pont de Nemours and Company, Wilmington, DE). 

The apparatus 100, described above enables substantially uniformly-sized droplets of 
internal phase to be ejected into an external phase. The resulting emulsion can be encapsulated 
to create an encapsulated electrophoretic display material, as described above. For example, 
complex coacervation can be used. However, a variety of encapsulation techniques can be used. 

30 For example, encapsulation may be effected by in situ polymerization utilizing an 

oil/water emulsion, which is formed by dispersing the internal phase (e.g., a dielectric liquid 
containing a suspension of pigment particles) in the aqueous environment of the external phase. 
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Monomers polymerize to form a polymer with higher affinity for the internal phase than for the 
aqueous external phase, thus condensing around the emulsified oily droplets. One example of 
such in situ polymerization is that between urea and formaldehyde in the aqueous external phase 
of the oil (internal phase)/water (external phase) emulsion in the presence of a negatively 
5 charged, carboxyl-substituted, linear hydrocarbon polyelectrolyte material, such as poly (acrylic 
acid). The resulting capsule wall is a urea/formaldehyde copolymer, which discretely encloses 
the internal phase. The capsule is clear, mechanically strong, and has good resistivity properties. 
Other useful cross-linking agents for use in such processes include aldehydes, especially 
formaldehyde, glyoxal, or glutaraldehyde; alum; zirconium salts; and poly isocyanates. 

10 The coacervation approach also utilizes the oil/water emulsion of the internal and 

external phases. One or more colloids are coacervated (/.£., agglomerated) out of the aqueous 
external phase and deposited as shells around the oily droplets of the internal phase through 
control of temperature, pH and/or relative concentrations, thereby creating the capsule. 
Materials suitable for coacervation include gelatins and gum arabic. 

15 The interfacial polymerization approach relies on the presence of an oil-soluble monomer 

in the internal phase, which once again is present as an emulsion in the aqueous external phase. 
The monomers in the internal phase droplets react with a monomer introduced into the aqueous 
external phase, polymerizing at the interface between the internal phase droplets and the 
surrounding aqueous external phase and forming capsule walls around the droplets. Although 

20 the resulting walls are relatively thin and may be permeable, this process does not require the 
elevated temperatures characteristic of some other processes, and therefore affords greater 
flexibility in terms of choosing the dielectric liquid. 

Now referring to Figures 2A-2D, in another embodiment, the internal phase 10 
containing a fluid and particles 20, as described above, is fed into a hollow tube 32 according to 

25 arrow 34. The tube 32 is perforated along its outer surface with a plurality of small apertures 22. 
The diameter of these apertures can range from about 10 (im to about 500 |wm. The tube 32 is 
spun in direction A at a particular rate, and the forces associated with the tube 32 rotation cause 
the internal phase 10 to extrude out through the apertures 22 (best shown in Figure 2B). As the 
internal phase 10 issues into the external phase 12, droplets 28 of the internal phase 10 break off 

30 from the remainder of the internal phase 10 due to viscous interaction between internal phase 10 
and the surrounding external phase 12. Depending upon the number of apertures 22, a number 
of trains 30 (only one train 30 is labeled) of droplets 28 are produced (best shown in Figure 2C). 
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Alternatively, the external phase may be set into motion, and the perforated tube may be held at 
rest. As the internal phase flows out of the tube, the relative motion of the internal phase and the 
external phase results in a train of droplets, as described above. 

Optionally, a vibrating member 14, such as a piezoelectric transducer, can be combined 
5 with the perforated tube 32 (Figure 2D). The vibrating member 14 is excited, for example, with 
a source of voltage 16, and vibrates the internal phase to facilitate droplet production from the 
apertures 22. More particularly, the internal phase is forced through the perforated tube 32 such . 
that a plurality of jets issue radially outward from the tube 32. Using the vibrating member 14, 
the tube 32 is excited along its centerline axis (perpendicular to the axis of the jets). Vibrations 
10 are imparted to each of the jets, simultaneously, causing them to break up into several trains of 
substantially uniformly-sized droplets. 

The design shown in Figures 2A-2D offers similar advantages to those described above 
for Figures 1 and 10-14 and also offers the advantage that the rotation of the tube 32 allows 
fresh external phase 12 to be transported to the aperture 22 region in a continuous manner. 

15 Because it is difficult to maintain sufficient concentrations of stabilizing agents, such as sodium 
dodecylsulfate, very near to an aperture in many emulsification systems, the rotating tube 32 
allows these stabilizing agents to be presented to regions near an aperture 22. Other similar 
designs can include rotating or oscillating perforated structures, such as spheres or plates, or 
systems that otherwise allow the external phase to flow past an aperture to replenish the local 

20 concentration of stabilizing agents. 

Referring to Figures 3 A and 3B, in another embodiment, the internal phase 10 that 
includes a fluid and particles 20 flows under pressure through a narrow gauge tube 36. The 
ejection velocity of the internal phase 10 (containing particles 20) from the tube 36 is sufficiently 
large that the dispersion issues from the aperture 22 at the end of the tube 36 in a jet 26. The 

25 ejection velocity is sufficiently large to induce formation of substantially uniformly-sized 

droplets. A vibrating member 14, such as a piezoelectric transducer, is adjacent to the side of the 
tube 34. The vibrating member 14 can be driven by an applied voltage from a voltage source 16 
such that the tip of the narrow gauge tube 36 vibrates transversely at a particular frequency. In 
an alternative embodiment, two vibrating members 14a, 14b, such as piezoelectric transducers, 

30 are adjacent the tube 36. The double vibrating member 14a, 14b arrangement is configured such 
that the piezoelectric transducers 14a, 14b are out of phase. For example, in response to a single 
voltage signal, one piezoelectric expands while the other contracts. The motion results in the 
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transverse vibration of the tip of the narrow gauge tube 36. Moreover, in certain embodiments, 
the vibration frequency is chosen such that it matches or nearly matches a resonant frequency of 
the system. Typically, the tip of the narrow gauge tube 36 is submerged below the surface of the 
external phase 12 before the system is operated. Some variables, such as the flow rate of internal 
5 phase 10 through the tube 36, the frequency of the vibration, and the amplitude of the vibration, 
can be controlled such that substantially uniformly-sized droplets 28 of internal phase 10 break 
off from the jet 26. These droplets 28 can form a train 30. 

In certain embodiments, vibrating the tube 36 with the vibrating member 14 leads to the 
formation of two trains of droplets 30a, 30b from a jet in one of two positions 26a, 26b as shown 

10 in Figures 4 A and 4B. The vibrating member 14 causes the tube 36 to bend back and forth. The 
tube 36 tip is shown in one position in solid lines and in a second position in broken lines, and 
the jets in one of two positions 26a, 26b and the droplets 28 are shown in solid or broken lines to 
correspond to the position of the tube 36 tip that produced them. Generally, flow of the internal 
phase out of the tube 36 is tuned to the vibration frequency of the tube 36. In this instance, each 

15 time the tube changes direction, a droplet breaks off of the jet at one of the positions 26a, 26b at 
or near the aperture through which the internal phase 10 issues. In certain embodiments, the 
flow rate is adjusted to emit a volume of internal phase 10, during one sweep of the tube 36, that 
is approximately equal to the desired droplet volume. Thus, the double jet 26a, 26b of the 
internal phase 10 becomes two trains 30a, 30b of droplets 28. Figures 4 A and 4B show similar 

20 embodiments, but, In Figure 4 A, the tip of the tube 36 is above the external phase 12, and in 
Figure 4B, the tip is in communication with the external phase 12. 

Several variations on this system may be implemented. First, one may use any suitable 
means to electrically insulate the outer surfaces of the piezoelectric transducers so that the entire 
system may be submerged under the external phase. For example, the piezoelectric transducer 

25 can be encapsulated in a reasonably compliant epoxy such that the transducer can still vibrate. 
Alternatively, the apparatus can be contained in a housing through which the tube for issuing the 
internal phase protrudes. Second, the geometry of tube and vibrating members) may be altered 
to change the natural frequency and vibration characteristics of the system. Described above are 
a single vibrating member arrangement and a double, out-of-phase, vibrating member 

30 arrangement. Many other arrangements are possible such as including more vibrating members 
or by shifting the vibrating members up or down along the length of the tube. As the end of the 
vibrating member is moved further away from the tip of the tube (i.e., the aperture through which 
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the internal phase issues), the larger the amplitude of vibration at the tip. Third, while the 
"double jet" arrangement has been found to give narrow droplet size distributions, narrow 
droplet size distributions may be obtained when any number of jets appear to issue from the 
aperture. Finally, the system may be multiplexed to realize considerable advantages in 
5 throughput. 

Referring to Figure 6, in another embodiment, a high speed valve 40, such as a solenoid 
valve, is placed upstream of a narrow gauge tube 40 or other structure having a small aperture. 
The internal phase 10 is pressurized by a pump 18 so that it jets out of an aperture, and the 
shutter valve 38, between the aperture and the pump 18, is pulsed to restrict the flow is a 
10 pulsatile manner. The resulting droplets 28 that break off from the jet 26 of internal phase 10 are 
substantially uniform in size and emerge in a train 30. These droplets 28 break off from the jet 
26 at or near the aperture through which the internal phase flows. This type of high speed valve 
is commercially available from the Lee Company (Westbrook, CT). 

Complex droplets (and, ultimately, capsules) also can be formed from the controlled 
15 break-up of a compound fluid jet formed by coextrusion of two immiscible fluids through 
concentric nozzles. A fluid jet disintegrates into droplets by the growth of jet surface 
disturbances developed at the nozzle from which the fluid was forced. A minimum fluid flow 
rate is desirable in order for the jet to form. This relationship is given by the formula: 

20 Q> (7t/2)((atf)/p) 1/2 

where Q represents volumetric flow of a fluid through an aperture, a represents surface tension 
of the fluid, d represents diameter of the aperture, and p represents the density of the fluid. 
Because jet formation requires laminar fluid flow through the aperture, the fluid velocity through 
25 a particular aperture of diameter d (and hence fluid flow rate) is bounded by the requirement that 
the Reynold's number, defined as: 

Re = (pdu)/7] 

30 is less than about 2100, where Re represents the Reynold's number, u represents fluid velocity 
through an aperture, and rj represents viscosity of the fluid. Typically, the result is that flow 
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rates are less than about 20 ml/min for a 200 micron aperture, or less than about 7 ml/min for a 
74 micron aperture. 

A compound jet is produced when a jet of fluid from one aperture is extruded within a jet 
of another fluid so that a jet of two concentric threads of immiscible fluids is formed. For 

5 example, as shown in Figures 5 A and 5B, an internal phase 10 containing particles 20 emerges 
from a center channel 52 through a nozzle 52a in a jet. Also, the external phase 12 emerges 
through from a second channel 50 through a nozzle 50a in a jet. The second, outer channel 50 
and nozzle 50a is adjacent to, concentric with, and surrounds the inner channel 52 and nozzle 
52a. Herein, nozzles and other structures through which the internal and/or external phases issue 

10 are referred to, generally, as apertures. As the jet disintegrates, complex droplets 54 form that 
have an external shell formed from the external phase 12. The shell of external phase 12 
contains a core of the internal phase 10. Adjusting the relative flow rates of the external phase 
12 and the internal phase 10 through their respective channels 50, 52 with apertures 50a, 52a is 
one way to control the ratio of shell thickness to core diameter of the complex droplet 54. The 

15 complex droplet's 54 shell of external phase 12 can be solidified around the core of internal 
phase 10 to create a capsule for use in electrophoretic display devices. 

A vibrating member 14, such as a piezoelectric element, can impart vibration to the 
compound jet of the external 12 and internal phases 10 in order to provide one way to control 
then the jet disintegration. This vibration enhances production of a series of substantially 

20 uniformly-sized complex droplets with a core of the internal phase 10 and a shell of the external 
phase 12. Also, typically, the internal phase 10 cores of the complex droplets, in a series of 
complex droplets, are substantially uniformly sized. In the situation where there is no external 
vibration of the compound jet, the predominant disturbance of the jet leads to the "natural" 
fluctuation of the jet's diameter which has a wavelength equal to about 4.508 x (outer aperture 

25 diameter). This disturbance eventually causes the jet to break up to give compound droplets 
whose diameters are about 1.89 x (outer aperture diameter). Outer aperture diameter is 
approximately equal to the diameter of the jet. The wavelength of disturbance refers to the 
appearance of the jet where the walls of the jet are characterized by a sinusoidal shape. 
Vibration imparted to the jet by pulsation of the vibrating member 14 physically 

30 manifests itself by effecting the frequency of the dominant disturbance on the jet surface that 
leads to jet break-up. If vibration having an amplitude greater than that of the natural fluctuation 
described above is imparted to the fluid jet, then the minimum wavelength of that vibration, that 
will still cause jet break-up with production of substantially uniformly-sized complex droplets, is 
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approximately equal to the aperture circumference (i.e., about n x (outer aperture diameter)). In 
that instance, complex droplets are produced with about a diameter of about 1.68 x (outer 
aperture diameter). Therefore, complex droplets and/or finished capsules are produced that have 
reasonably uniform diameters (equal to about double the largest aperture diameter) and have 
5 controllable wall thickness. Moreover, in order to maintain spherically concentric complex 

droplets and capsules, a second vibration can be imposed that is perpendicular to the direction of 
the flow of the compound jet. This second vibration comes from a source that is physically 
separated from the jet production apparatus, unlike the vibrating member 14, and serves to 
vibrate the compound droplets in order to maintain the concentricity of the internal phase core 
10 within the external phase shell. 

Between the minimum and maximum fluid flow rates through a given aperture, complex 
droplet size can be controlled by adjusting the excitation frequency according to the equation: 

D = ((6Q)/(nf)) m 

15 

where D represents the diameter of complex droplets formed by disintegration of the compound 
jet, Q represents total volumetric flow rate through both of the apertures, and / represents the 
frequency of excitation (vibration) of the fluids (compound jet). For producing complex droplets 
of about 300 microns in diameter, at flow rates between about 1 ml/min and about 10 ml/min, 

20 through apertures having diameters ranging from about 100 ^im to about 200 (am, vibration 

frequencies in the range about 500 to about 80,000 Hz are useful. From the above equation it is 
discernable that flow rate and frequency can be varied to produce the same size complex droplet 
from a given aperture, provided that the other liquid flow conditions are met. For example, a 
high flow rate and a high vibration frequency rate will produce a certain sized complex droplet 

25 while a relatively lower flow rate combined with a relatively lower vibration frequency rate will 
produce substantially the same sized complex droplet. 

Typical capsules have a solid wall, such as a polymer. During a coextrusion process, 
making the complex droplets into capsules with solid capsule walls can be achieved in several 
ways. Six examples are discussed below. First, the external phase shell can include a solution of 

30 polymer(s) in a volatile solvent. The solvent is allowed to evaporate as the newly formed 

complex droplet falls from the nozzle or after collection in a suitable container. Evaporation is 
accomplished, for example, by reduced pressure or heat. Second, the wall can be formed from a 
liquid monomer in the external phase, such as cyanoacrylates (such as ethyl 2-cyanoacrylate or 
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n-butyl 2-cyanoacrylate) or cyanomethacrylate, that polymerizes on contact with moist air. 
Third, the external phase can include a mixture of liquid reactive monomers, oligomers, or pre- 
polymers that are mixed immediately prior to their entry into the coextrusion head. 
Polymerization to form a solid wall occurs after the complex droplet is formed. For example, 

5 suitable wall materials include isocyanates, such as toluene diisocyanate (a monomer), that are 
combined with polyamines, such as 1,6-diaminohexane (a low molecular weight monomer) or 
polyethylene imine (a high molecular weight polymer) to form a polyurea wall. Alternatively, 
isocyanates, such as toluene diisocyanate, can be mixed with polyols, such as ethylene glycol, to 
form a polyurethane wall. Also, two-part epoxy systems, such as 1,6-diaminohexane mixed with 

10 the prepolymer formed from the reaction of epichlorohydrin and bisphenol-A, can be used to 
form the wall. Fourth, the external phase can include a liquid monomer, or mixtures of 
monomers, that can be polymerized when exposed to energy. For example, UV light can be 
directed onto newly formed complex droplets as they issue from the nozzles to cure the external 
phase shell into a capsule wall. Examples of UV light curable systems include Somos 2100, 

15 Somos 6500 (both available from DSM Somos, New Castle, DE), and Desolite (Catalog No. D6- 
1 14) (available from DSM Desotech, Elgin, IL). Alternatively, heat can be used to cause thermal 
polymerization of the shell as the complex droplets form. Examples of heat curable systems 
include butyl methacrylate combined with benzoyl peroxide or low molecular weight silicone 
materials that cure rapidly if heated, such as Fluorogel (Catalog No. 3-679) (available from Dow 

20 Corning Corporation, Midland, MI). Fifth, the external phase shell can include a molten 

polymer that solidifies when it cools. For example, useful polymers include polyethylene-co- 
vinyl acetate ("EVA"), polyethylene, or low melting point Carbowax series polymers (available 
from Union Carbide, Danbury, CT). Sixth, the external phase shell can include a latex 
dispersion. Water is removed from the shell of the complex droplet, forming a polymer wall. 

25 Although substantially uniformly-sized complex droplets (as well as substantially- 

uniformly sized cores of internal phase), that lead to substantially uniformly-sized capsules, can 
be formed from controlled jet disintegration, the complex droplets sometimes collide with other 
complex droplets in a train. This occurrence happens because the complex droplets catch up 
with one another. These collisions cause the complex droplet size distribution to broaden, and, 

30 in the case of capsules, cause the formation of multiple-cored capsules. Contact between 

complex droplets (which leads to coalescence of liquid drops) should be prevented, at least until 
the shells have solidified, so that neither contact during initial formation, which broadens the 
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complex droplet size distribution, nor contact subsequent to initial formation, which causes 
aggregation of complex droplets, occurs. 

It is contemplated that there are several ways to decrease collisions between complex 
droplets such that substantially uniformly-sized complex droplets and substantially uniform 
5 capsules are formed. Three examples are described below. First, the distance between 

individually formed complex droplets can be increased by excitation amplitude modulation. For 
example, a vibrating member, such as a piezoelectric transducer, can be vibrated at larger 
amplitudes than those which lead to complex droplet collision. As the amplitude of the vibration 
increases and while formation of a jet still occurs, the spacing between the complex droplets 

10 increases and the number of collisions decreases. This solution may not be effective for large 
complex drops having diameters in the range of about millimeters. Second, and referring to 
Figure 7, the distance between individually formed complex droplets can be increased by 
accelerating them away from the nozzle. The adjacent, concentric channels 50, 52 are, for 
example, placed at the wide end of a conical channel 58 through which a gas is flowed as 

15 indicated by direction of arrows 56. The gas carries the complex droplets 54 from the nozzle 
apertures 50a, 52a and through the conical channel 58. As the cross-sectional area of the conical 
channel 58 narrows, the gas velocity increases and the spacing between the complex droplets 54 
increases, keeping them separated. Alternatively, if the complex droplets 54 either have or are 
given an electrical charge, this same effect can be created with electrical forces rather than with 

20 the force of gas pressure. Third, the external phase 12 shell can harden into a capsule wall in a 
shorter time period than the period during which the complex droplets 54 collide. Thus, the 
capsules are sufficiently formed such that, even if they collide, they will not coalesce. This 
effect can be achieved with very fast chemical reactions to create the wall or with very fast 
solvent evaporation during formation of the walls. These fast chemical reactions include those 

25 - described above for cyanoacrylates or UV-curable systems. Fast evaporating solvents for use in 
the external phase can include dichloromethane. Alternatively, if the external phase 12 is 
aqueous, the external phase 12 can include sodium alginate that, when exposed to an aerosol of 
calcium chloride solution, hardens the external phase 12 shell into a capsule wall. 

In certain embodiments, useful complex droplets can result in early-stage capsules with 

30 liquid walls that become solid at some later processing stage. These capsules are useful, for 
example, to coat into a close-packed monolayer of capsules, where highly deformable capsules 
assist in close packing. Typically, the capsules should be stored in some way that prevents their 
coalescence. For example, such capsules could be stored in a collection vessel that contains a 
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solution containing a surfactant. The surfactant would adsorb to the outside of the non-solid- 
walled capsules and provide stability to the dispersion. The surfactants can include ionic, low 
molecular weight surfactants such as sodium dodecylsulfate; nonionic, low molecular weight 
surfactants such as Triton X-100 (available from Sigma, St. Louis, MO); ionic, polymeric 
5 surfactants such as poly sodium styrene sulfonate or sodium carboxymethyl celluloses; and 
nonionic, polymeric surfactants such as poly vinyl alcohol. An alternative method to prevent 
coalescence of early-stage capsules is to use high viscosity storage materials, such as liquids 
containing xanthum gum or containing aqueous phase thickeners such as Drewthix™ 53L 
(available from the Drew Industrial Division of Ashland Chemical Company, Boonton, NJ), in 

10 the collection vessel to prevent capsule-capsule contact during storage. 

In some embodiments of complex droplets suitable for electrophoretic displays, the 
internal phase is a dispersion of electrophoretic particles in a dielectric fluid and the external 
phase is a suitable fluid to form the wall material. Some considerations are relevant for these 
types of complex droplets. First, the internal phase fluid should be mixed before coextrusion so 

15 that all capsules have the same concentration of pigment particles. If the concentrations are not 
equal, the capsules formed from the complex droplets will have varying optical appearances and, 
as such, will result in non-uniform white states in the final device. Second, the electrophoretic 
particles in the internal phase should be kept colloidally stable during the coextrusion process. 
The particles should not be allowed to aggregate. For example, surfactants can be used; the 

20 particles can be made to include polymers on their surface to keep the particles sterically 
stabilized; or electrostatic repulsion can be used to keep the particles apart. Third, the 
coextrusion nozzle should be made of or coated with a material that is hard enough so that the 
dispersed pigment particles (such as titanium dioxide) in the internal phase do not abrade it. For 
example, sapphire and diamond are useful. Fourth, the wall material and/or the external phase 

25 preferably should be substantially insoluble in the internal phase during coextrusion and should 
be substantially chemically unreactive with it. However, in some techniques, for example, when 
the external phase contains a volatile solvent which is flash evaporated immediately after 
emergence from the nozzle, some intermixing between the phases can be tolerated. Fifth, the 
wall material should be substantially transparent to facilitate production and use of 

30 electrophoretic displays. Sixth, materials used in wall-forming chemical reactions should not 
react with materials in the internal phase. Seventh, if UV -polymerization is required to form the 
wall, the internal phase should not be sensitive to UV radiation (e.g., UV exposure can bleach 
dyes in the internal phase). Eighth, formation of the small 'satellite 5 droplets (i.e., droplets of 
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internal phase and/or external phase that are smaller than the substantially uniformly-sized 
complex droplets) as the liquid jet disintegrates should be substantially prevented. These 
satellite droplets can form small capsules that have poor electro-optic properties when made into 
displays. Satellite droplets can be prevented by making sure disintegration of the compound jet 
5 occurs in the range of Rayleigh instability. Ninth, the rheology of the internal and external 
phases should be chosen so that coextrusion yields capsules that have an outer capsule wall and 
that the internal phase and the external phase do not mix. If the rheology is not properly chosen, 
the flow of the internal and external phases, in mutual contact in a jet, can lead to shear induced 
mixing of the phases in the jet, leading to poor capsules. For example, the fluids should not be 

10 so viscous that insufficient instability is present to have a controlled disintegration of the 
compound jet into substantially uniformly-sized complex droplets. 

In certain embodiments, capsules for some electrophoretic displays have diameters of 
about 300 urn. To produce such capsules, according to the equations above, nozzle apertures of 
about 150 jam are useful in the practice of this method. The inner nozzle containing the internal 

15 phase should be almost 150 [im and the outer nozzle containing the external phase typically 
should be only slightly larger than the inner nozzle. This technique creates a complex droplet 
(that can be hardened into a capsule) with a relatively thin shell of external phase compared with 
the much larger core of internal phase. (However, in some situations, the size of the outer nozzle 
will vary from that described above depending upon the concentration of capsule wall-forming 

20 material in the external phase. For example, where the external phase is a dilute solution of a 
polymer in a solvent, more external phase than internal phase may need to be pumped, which 
still leads to a relatively thin shell formed from the external phase.) Also, the vibrating member, 
if used, should have excitation frequencies between about 0.5 kHz (at about a 1 ml/min flow 
rate) to about 80 kHz (at about a 15 ml/min flow rate) to produce complex droplets of about 300 

25 |im in diameter. This excitation in readily applied to the internal phase in the central channel and 
nozzle by, for example, having a piezoelectric transducer in contact with the internal phase 
upstream from the nozzle. 

Transparent walls can be formed from epoxy monomers in the external phase when these 
monomers are exposed to UV light and polymerize. A relatively fast chemical reaction is 

30 desirable to produce complex droplets that are sufficiently hardened into capsules before 

potential collision events with other complex droplets, fluids, capsules or structures occur. Low 
viscosity epoxy monomers can provide smooth fluid flow through the nozzle. Also, a dilute 
solution of a transparent elastomeric polymer in the external phase can yield useful capsule walls 
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when a solvent in the external phase is evaporated. In this case, rapid solvent loss (to increase 
the speed of capsule wall formation) can be encouraged by coextrusion of the internal and 
external phases into a warm and/or reduced-pressure gas. 

After production, the complex droplets or capsules can be collected in an appropriate 
5 liquid for storage. Because the capsules are eventually mixed with a binder and coated onto a 
flat surface, the complex droplets or capsules can be collected into the binder directly, or into a 
material which is readily miscible with the binder. In the case of water-based binders, this fluid 
can be water. Measures can be taken to prevent the complex droplets or capsules from sticking 
to one another in the collection liquid. Surfactants and/or dispersing agents can be used in the 

10 collection liquid to prevent the complex droplets or capsules from sticking to each other. Also, 
the collection liquid can be a quiescent reservoir positioned below the jet of external and internal 
phase so that capsules with hardened walls will fall into the collection liquid. However, forming 
the complex droplets or capsules through a nozzle that is submerged in the collection fluid can 
yield a substantial coalescence of the coextruded internal and external phase, because the newly- 

15 formed jet of the internal phase and the external phase is stopped by the collection fluid quickly, 
preventing complex droplet and capsule formation. However, the collection liquid can be flowed 
in the same direction as the jet stream of the internal and external phases. For example, and 
referring to Figure 8, collection liquid 64 is located in a structure 60 and is moved in a direction 
(indicated by arrows 62) that is substantially similar to the direction in which the external 12 and 

20 internal 1 0 phases are extruded from the channels 50, 52 with nozzles 50a, 52a . Typically, the 
collection liquid 64 flows at a velocity that is similar velocity to that of the jet of internal 1 0 and 
external 12 phases, but the velocity can be greater than that of the jet in order to produce a 
separation effect as described for Figure 7, above. 

Alternatively, a three-channel, three-aperture nozzle can be used to collect complex 

25 droplets or capsules. In this system, in addition to the two concentric channels and nozzles 
containing the internal and external phases, described above, the collection liquid is extruded 
through a third channel and nozzle. The third channel is concentric about both of the concentric 
channels containing the internal and external phases, and collection liquid flows through the 
outermost aperture and three-phase droplets are formed. The third aperture issues the collection 

30 liquid in contact with the external phase from the middle nozzle. 

Alternatively, and referring to Figure 9, a separate stream of collection liquid 64 is 
extruded through an outer channel 66 with a nozzle that is concentric with a second channel 50 
with nozzle 50a that is concentric with a third channel 52 with nozzle 52a. The hollow cylinder 
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of collection liquid 64 collapses at some distance from the nozzle (not shown) of the outer * 
channel 66. The point at which the collection liquid 64 converges can be the same point at 
which it collides with a collection container (or any liquid within the collection container). This 
effect can be accomplished by adjusting the collection liquid 64 flow rate and/or distance from 

5 the collection container. The complex droplets (or capsules), themselves, are contained within 
the collapsing hollow cylinder of collection liquid 64 issuing from the outer nozzle of the outer 
channel 66. This situation substantially prevents complex droplet or capsule aggregation and 
assists with transfer of complex droplets or capsules to the collection container. If the walls of 
the capsules are formed from solvent evaporation, the solvent still needs to be removed from this 

10 system, even though the train of complex droplets is surrounded by another liquid. For example, 
if the solvent has some water solubility (for example, but without limitation, at least about 1% or 
less) and a lower boiling point than water, the complex droplets can be collected into water and 
heated or subjected to reduced pressure. The solvent will move into the water and then be 
evaporated from the water. Also, the collection liquid 64 can be a binder with which the 

15 capsules are coated to a substrate when constructing an encapsulated electrophoretic display, 
obviating the need for a separate step to mix the capsules with the binder. 

Alternatively, capsules can be formed as a dry powder that is mixed with a liquid binder 
for coating onto a substrate. Typically, aggregates of capsules impair coating performance. 
Thus, capsules should be prevented from sticking to one another, or, if the capsules are not 

20 prevented from sticking to one another, the adhesion can be reversed when the capsules are 
mixed with binder. 

In other situations, a pair of immiscible fluids can be mixed into a droplet, before a 
separate encapsulation step to form a capsule containing two immicible fluids, using two 
concentric nozzles that are in communication with a pump. One of the fluids is expelled through 

25 one of the nozzles, and the other fluid is expelled through the other nozzle. This droplet can then 
be encapsulated, assuming the fluids are chemically compatible with the encapsulation solvent, 
by, for example, gelatin/acacia encapsulation. In cases where encapsulation techniques and the 
fluids to be encapsulated are incompatible, for example, a physical coextrusion process can be 
used to encapsulate the droplet. In such a process, three concentric nozzles are attached to a 

30 pump. The droplets can be formed by pumping a dye-containing fluid solution through the inner 
nozzle, a particle dispersion-containing fluid through the middle nozzle, and an encapsulating 
polymer (as a solution or a melt) through the outer nozzle. As the fluids and polymer emerge 
from the nozzles, capsules are formed. Once the encapsulated droplets emerge from the nozzles, 
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the capsules can be hardened by evaporating a solvent or solvents used during the pumping 
procedure or, if any of the materials are pumped through the nozzle at a temperature greater than 
the ambient temperature, by cooling the capsules. Thus, a capsule with two immicible fluids, 
one containing particles, is produced. 

5 During formation of unencapsulated droplets or encapsulated droplets according to the 

invention, several variables can be manipulated, depending upon, for example, the materials 
used. In the instance with two nozzles that form unencapsulated droplets, the dyed-fluid is 
pumped through the central nozzle and a second immiscible fluid containing dispersed particles 
is pumped through the outer nozzle, forming droplets. The droplets are extruded into an aqueous 

10 phase that has been prepared for encapsulation, described below. The droplets can be made one 
at a time using relatively low flow rates of the fluids through the nozzles, or the fluids can be co- 
extruded at relatively higher flow rates, for example, as a liquid jet that breaks up by Rayleigh 
instability into individual droplets. In either case, droplet formation can be assisted by vibration 
of the concentric nozzles using, for example, a piezoelectric stack. In order to ensure the correct 

15 droplet morphology (two subdroplets forming a droplet), the spreading coefficients of the 
various liquids can be controlled. The spreading coefficient is a description of how one fluid 
spreads over another fluid. 

The spreading coefficient can be mathematically modeled. Denoting the three liquids in 
the two-nozzle system as A, B, C where B is the encapsulation fluid (water), the three spreading 
20 coefficients for the three liquids are defined as: 

S(A) = g(BC)-[g(AB)+g(AC)] 
S(B) = g(AC)-[g(AB)+g(BC)] 
S(C) = g(AB)-[g(AC)-i-g(BC)] 

25 

where g is the interfacial tension between two liquids. Assigning the liquids so that g(AB) > 
g(BC), droplets (containing a dye-fluid subdroplet and a particle-dispersed fluid subdroplet) can 
maintain a desired morphology when 



30 



S(A) < 0 
S(B)<0 
S(C)>0. 
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If the triple concentric nozzle encapsulation method is employed to produce capsules 
directly (no aqueous encapsulation step), then the same analysis determines the necessary 
interfacial tensions between the three liquids, except liquid B refers to the wall forming liquid 
5 extruded from the outermost nozzle. Liquid A and liquid B remain the two immiscible fluids 
from above. Generally, interfacial tensions in the three-nozzle system are set such that the 
encapsulating material preferentially wets the particle dispersion-containing fluid and/or such 
that the particle dispersion-containing fluid will preferentially wet the dye-containing fluid. 

Other examples of variables that can be altered, depending upon the particular 
10 compounds employed in droplet formation and encapsulation, include pumping rate, flow rate, 
and viscosity. Typically, at least one of the pumping rates through one nozzle is different from 
another one of the pumping rates through a different nozzle. Also, the flow rate of materials 
through the nozzles, relative to each other, as well as the overall flux of material through the 
nozzles, can be varied. Also, the viscosity of the materials coming through the nozzles can affect 
15 the final morphology of the droplets. 

In several of the techniques described above, such as producing concentric jets of the 
internal and external phases, the apertures (e.g., nozzles) should be aligned so that they are 
concentric. As described below, two or more apertures can be aligned concentrically with high 
precision. The apertures can be on the same or on different planes. Also, the technique can be 
20 used to ensure that an array of apertures aligns concentrically with another array of apertures. 

Alignment tolerances of about ± 25 |im are achievable with current techniques. 
However, when it is essential to align apertures to within a tighter tolerance than about ± 25 \xm, 
traditional mechanical alignment methods (e.g., hard stops) become prohibitively expensive and 
difficult to implement. Using kinematic coupling techniques to align two or more apertures in 

25 two or more plates provides an alternative to current techniques. A kinematic coupling design 
may be implemented simply, cost-effectively achieving a precision alignment of the small 
apertures. Moreover, with kinematic coupling techniques, the attainable level of precision can 
be improved from that of current techniques, particularly when apertures are smaller than about 
100 jam. For example, apertures that are less than 50 jam in diameter should be aligned within a 

30 tolerance of at least about 1 \im to about 10 jam, which is readily achievable using a kinematic 
coupling design. 
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The present technique provides a mechanical alignment method that is low cost, precise, 
and repeatable. As shown in Figures 15A-15D, a kinematic coupling is used to precisely 
maintain the spacing between and alignment of multiple plates containing apertures. A 
kinematic coupling typically is used for very large objects (e.g., metrology frames used in large, 

5 precision machines) rather than small objects, such as the plates with apertures used in 

coextrusion as described above. The kinematic coupling is composed of the plates 120, 122, 
each plate 120, 122 with an aperture 124, 144 and with three triangular cross-section grooves 
126, 128, 130, 132, 134, 136 (best shown in Figure 15B as section A-A through one of the 
grooves 128 of Figure 15A) in the surface of each plate 120, 122, and spherical balls 138, 140, 

10 142 rigidly affixed in the grooves of one plate 122. The coupling maintains repeatable, precise 
alignment by providing 6 contact points (often referred to as "bearing surfaces") between the 
surfaces of the balls 138, 140, 142 and the plates 120, 122. The geometry of the coupling is 
chosen so that the six contact points fully constrain the motion of the plates 120, 122 with 
respect to one another. 

15 Figures 16A and 16B show a coextrusion system aligned with the kinematic technique. 

A first plate 146 with grooves 132, 134, 136 and balls 138, 140, 142 and an aperture 144 is 
aligned with a second plate 148 with a second aperture 150. Adjacent channels 152, 154 are 
formed within the plates 146, 148. For the coextrusion system design sketched in Figure 16A 
and 16B, it is preferable, based upon stability and symmetry considerations, to configure the 

20 grooves 132, 134, 136 (the grooves of the second plate 148 are not shown) and balls 138, 140, 
142 such that they form an equilateral triangle about the apertures 144, 150. The balls can be 
replaced with other shapes, such as cylinders with hemispherical ends. 

Several microfabri cation technologies are contemplated to be useful in manufacturing 
kinematic coupling-based devices that coextrude an internal phase and an external phase (or any 
25 coextruded materials). Referring to Figure 17, crystalline silicon wafers may be patterned, using 
photolithography techniques, to produce triangular cross-section trenches 158. These trenches 
may be used as the grooves for the kinematic coupling. Similar techniques can be used on 
coextrusion plates. Aperture holes may be drilled through the plates using many techniques, 
such as wet etching, dry etching, or laser drilling techniques. 

30 The balls for kinematic alignment may be made from such materials as alumina, 

sapphire, or ruby. The balls can be attached to the plates using techniques such as high 
temperature bonding or epoxy bonding. The ball diameter influences the stiffness of the 
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kinematic coupling and also controls the separation distance between the surfaces of the two 
plates. This distance between the two plates influences the flow of fluid through the gap 
between the plates. A smaller gap corresponds with a higher pressure drop and a larger gap 
corresponds with a lower pressure drop. A very large pressure drop in the system is undesirable, 
as is turbulence in some embodiments. 

Now referring to Figure 18, another configuration of two plates 250, 252 form a 
coextrusion design for producing a compound jet 266. The configuration is similar to that shown 
in Figures 5 A and 5B and produces a similar compound jet. These plates generally are aligned 
using the kinematic coupling technique outlined above. Grooves 254, 258 (only two are shown) 
are provided in a first plate 252 that align with grooves 256, 260 (only two are shown) in a 
second plate 250. Balls 262, 264 (only two are shown) are seated in the grooves 254, 256, 258, 
260 and align the plates 250, 252. The plates 250, 252 form two adjacent, concentric channels 
through with the internal phase 10 and the external phase 12 flow. The internal 10 and external 
12 phases emerge from apertures (e.g. , nozzles) and form a compound jet. 

Variations, modifications, and other implementations of what is described herein will 
occur to those of ordinary skill in the art without departing from the spirit and the scope of the 
invention as claimed. Accordingly, the invention is to be defined not by the preceding 
illustrative description but instead by the spirit and scope of the following claims. 

What is claimed is: 
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1 1 . A method for forming substantially uniform droplets, the method comprising the steps of: 

2 (a) providing a non-aqueous internal phase comprising a plurality of particles 

3 suspended in a first fluid; 

4 (b) providing an external phase comprising a second fluid; 

5 (c) vibrating the internal phase; and 

6 (c) applying the internal phase to the external phase, wherein a series of droplets of 

7 substantially uniform size is formed. 

1 2. The method of claim 1 wherein the first fluid comprises an oil. 

l 3. The method of claim 1 wherein the second fluid comprises an aqueous solution. 

1 4. The method of claim 1 wherein the step of applying the internal phase to the external 

2 phase comprises containing the internal phase in a structure and pressurizing the internal phase, 

3 thereby to cause the internal phase to issue from the structure into the external phase. 

1 5. The method of claim 4 wherein the internal phase issues through at least one aperture. 

] 6. The method of claim 4 wherein the internal phase issues in at least one train of droplets. 

1 7. The method of claim 4 wherein the internal phase is applied to the external phase at a 

2 plurality of locations. 

1 8. The method of claim 1 wherein a droplet has a diameter of about 20 ^m to about 300 ^m 

2 and has a substantially uniform size relative to other droplets in the series of droplets. 

1 9. The method of claim 1 wherein the step of vibrating the internal phase comprises 

2 vibrating the internal phase with a vibrating member. 

1 10. The method of claim 9 wherein the vibrating member comprises a piezoelectric 

2 transducer. 

1 11. The method of claim 1 wherein the step of vibrating the internal phase comprises 

2 vibrating a conduit containing the internal phase. 

1 12. The method of claim 1 1 wherein the internal phase issues from the conduit in two trains 

2 of droplets. 

1 13. The method of claim 1 1 wherein a tip of the conduit, through which the internal phase 

2 issues into the external phase, is in communication with the external phase. 
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1 14. The method of claim 1 wherein the step of applying the internal phase to the external 

2 phase comprises simultaneously issuing the internal phase and the external phase through two 

3 adjacent channels. 

1 15. The method of claim 14 wherein the two channels terminate at two concentric nozzles. 

1 1 6. The method of claim 1 further comprising the step of mixing the particles with the first 

2 fluid. 

1 17. The method of claim 1 6 wherein the step of mixing comprises inducing a flow within the 

2 internal phase 

1 18. The method of claim 1 wherein the droplets comprise the internal phase. 

1 19. The method of claim 1 wherein the droplets comprise the internal and external phases. 

1 20. A method for forming substantially uniform droplets, the method comprising the steps of: 

2 (a) providing a non-aqueous internal phase comprising a plurality of particles 

3 suspended in a first fluid; 

4 (b) providing an external phase comprising a second fluid; and 

5 (c) applying the internal phase to the external phase through an aperture in a 

6 container, wherein the internal phase is moved relative to the external phase such that as the 

7 internal phase contacts the external phase a droplet separates from a remainder of the internal 

8 phase and such that a series of droplets of substantially uniform size is formed. 

l 21 . The method of claim 20 further comprising the step of vibrating the internal phase. 

1 22. A method for forming substantially uniform droplets, the method comprising the steps of: 

2 (a) providing a non-aqueous internal phase comprising a plurality of particles 

3 suspended in a first fluid; 

4 (b) providing an aqueous external phase comprising a second fluid; and 

5 (c) applying the internal phase to the external phase, wherein the internal phase is 

6 pressurized and pulsed through a valve such that the internal phase forms a series of droplets of 

7 substantially uniform size. 
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